Frequent KRAS mutations contribute to multiple cancers including~40% of human colorectal cancers (CRCs). Systematic screening of 1255 microRNAs (miRNAs) identified miR-30a as a synthetic lethal in KRAS-mutant CRC cells. miR-30a was downregulated in CRCs and repressed by P65. miR-30a directly targeted malic enzyme 1 (ME1) and KRAS, and inhibited anchorage-independent growth and in vivo tumorigenesis by KRAS-mutant CRC cells. ME1 was significantly upregulated in KRAS-mutant CRCs. Eliminating ME1 by short hairpin RNA (shRNA) resulted in obviously decreased NADPH production, levels of triglyceride and fatty acid, and an inhibition of tumorigenicity of KRAS-mutant CRCs. miR-30a overexpression and ME1 suppression attenuated AOM/DSS-induced colorectal tumorigenesis. 2-4 Oncogenic KRAS mutations initiates and sustains colorectal tumorigenesis. However, directly targeted therapies to KRAS is still unsuccessful. The surface of this protein is too smooth for drugs to bind and a large family of related protein members share similar GTP-/GDP-binding domain, which makes KRAS therapeutic attack extremely challenging. KRAS protein has been regarded as an 'undruggable' target. 5, 6 Thus it has been suggested that taking advantage of synthetic lethal interactions with KRAS mutation could be exploited as an effective therapeutic strategy in KRAS-mutant human cancers.
Colorectal cancer (CRC) is the third most prevalent cancer worldwide. 1 Mutation of KRAS occurs in 42.4% of CRCs. [2] [3] [4] Oncogenic KRAS mutations initiates and sustains colorectal tumorigenesis. However, directly targeted therapies to KRAS is still unsuccessful. The surface of this protein is too smooth for drugs to bind and a large family of related protein members share similar GTP-/GDP-binding domain, which makes KRAS therapeutic attack extremely challenging. KRAS protein has been regarded as an 'undruggable' target. 5, 6 Thus it has been suggested that taking advantage of synthetic lethal interactions with KRAS mutation could be exploited as an effective therapeutic strategy in KRAS-mutant human cancers. [7] [8] [9] [10] [11] MicroRNAs (miRNAs) are small non-coding RNAs, which inhibit the translation and/or stability of targeted mRNAs. 12 Recently miRNAs have been implicated in the progression and development of varieties of cancers including CRCs. [13] [14] [15] [16] [17] [18] [19] miR-206 and miR-342 specifically impair the growth of breast cancer cells with MYC addiction and BRCA1 mutations, respectively. 15, 16 miR-17-92 cluster depletion interacts with p53 mutations in non-small-cell lung cancer. 17 Some reports showed that miRNAs or their antagomirs might be effective therapeutic potentials. 20, 21 In this study, we undertook a high-content screening to identify miRNAs that selectively impaired the growth of KRAS-mutant CRC cells. We found that miR-30a inhibited the growth and tumorigenicity of the KRAS-mutant CRC cells by directly inhibiting malic enzyme 1 (ME1) and KRAS. Furthermore, we investigated the effects of miR-30a and ME1 in KRAS-mutant CRC cells and AOM-/DSS-induced CRC mouse model. Manipulating the expression levels of miR-30a and ME1 might have therapeutic potentials in KRAS-mutant CRC patients.
Results
Identification of miR-30a as a specific attenuator of KRAS-mutant CRC cells by functional miRNA screening. CRC cells frequently harbor KRAS mutations. We investigated the KRAS status of several CRC cell lines. Results show that RKO, SW48 and HT29 are wild-type (WT) cells, while HCT116 and DLD1 cells carry G13D point mutations (Supplementary Figure S1A) . Two distinct short hairpin RNAs (shRNAs) targeting KRAS were introduced into these cells to validate the growth dependency of KRAS (Supplementary Figure S1B) . KRAS suppression attenuated both anchorage-dependent and -independent growth only in HCT116 and DLD1 KRAS-mutant cells (Supplementary Figures S1C-E). Thus, HCT116 and DLD1 cells clearly exhibit dependency on oncogenic KRAS mutations. We chose HCT116 and RKO cells to perform the primary screening.
We screened HCT116 and RKO CRC cells with the miRNA library comprised of 1255 individual miRNA expression vectors (miRBase release 18.0 (2012), the University of Manchester, Manchester, UK; Supplementary Table 1) generated by our laboratory. 15, 22 MTT assay was applied to validate the effects of miRNAs on cell viability compared with the control. In the primary screening, 11 miRNAs showed marked inhibitory effects on cell viability only in HCT116 cells (Log 2 relative growth ratioo − 0.6, Figure 1a ; Supplementary Table 1) . After confirming the growth inhibitory effects of these miRNAs in HCT116 and RKO cells, we tested 11 candidates in three KRAS WT CRC cells (RKO, SW48 and HT29) and two KRAS-mutant CRC cells (HCT116 and DLD1). 4, [8] [9] [10] [11] miR-30a significantly attenuates the growth of only KRAS-mutant cells (Figure 1b; Supplementary Figure S2 ). miR-30a is downregulated in human CRC specimens. The miR-30a locus encodes two miRNAs, miR-30a-5p/3p. We analyzed their expression in 14 human CRCs and paired normal colon tissues. These studies showed that both miR-30a-5p and 3p were downregulated in CRCs compared with their adjacent non-tumor tissues (n = 14, P = 0.0002 for miR-30a-5p and Po0.0001 for miR-30a-3p) (Figure 1c) . A similar downregulation of miR-30a was observed in a published non-coding RNA profiling array, GSE18392 (Po0.0001) (Figure 1d) . 23 To investigate the correlation between downregulation of miR-30a and KRAS mutations in CRCs, we sequenced the first exon of KRAS genomic DNA extracted from CRC tissues (Supplementary Figure S3) . About 50% (7 of 14) of the CRC tissues harbor KRAS mutations, convinced with previous report. 24 miR-30a-5p/3p were downregulated in KRAS-mutant CRC specimens compared with WT ones (Figure 1c ). These data suggest that miR-30a might play critical roles in the development of KRAS-mutant CRCs.
P65 mediates miR-30a downregulation. To study the underlying mechanism behind the downregulation of miR-30a, we analyzed the transcription factors binding to the miR-30a promoter region (−5 to +2 kb) in MotifMap website. 25 These showed three candidate transcription factors, P50, P65 and IRF8 (Supplementary Figure S4A) . However, only P65 overexpression significantly suppressed miR-30a-5p/3p expression (Figure 1e ). On the other side, P65 knockdown in HCT116 and DLD1 CRC cells markedly increased miR-30a-5p/3p expression (Figure 1f ). To determine whether P65 binds to the miR-30a promoter region, luciferase reporter assays were conducted to examine whether P65 inhibits miR-30a-5p/3p expression. Indeed, suppression of P65 using its specific shRNA enhanced the activity of P1 reporter vector containing the predicted P65-binding site in dual luciferase reporter assays, while mutation in P65-binding sites abrogated this upregulation (Figure 1g ). The binding of P65 to the miR-30a promoter was confirmed by chromatin immunoprecipitation (ChIP) in HCT116 and DLD1 cells (Figure 1h ). ChIP assay in HEK-293 cells with ectopic expression of P65 also showed a direct binding in the first amplicon (Supplementary Figure S4B ). P65 is a critical subunit of NF-κB and commonly upregulated in CRC cells. Thus, downregulation of miR-30a might result from elevated P65 in CRC cells. miR-30a attenuates tumor growth, migration and invasion of KRAS-mutant CRC cells. We evaluated the effects of miR-30a in KRAS-mutant cancer cells by gain-and loss-offunction experiments (Figure 2 ). Indeed, miR-30a overexpression inhibited cell growth, focus formation and anchorage-independent soft agar growth of only KRASmutant CRC cells (HCT116 and DLD1), while it showed no significant effect in KRAS WT CRC cells (RKO, SW48 and HT29) (Figures 2a-d; Supplementary Figure S5 ). To better elucidate the selective tumor suppressor activity on KRASmutant CRC cells, we performed the wound-healing assay, cell migration and invasion assays (Supplementary Figure S6) . miR-30a overexpression inhibited woundhealing closure, cell migration and invasion of only KRASmutant CRC cells, while it showed no significant effect in KRAS WT CRC cells. Also miR-30a overexpression significantly increased cleaved PARP-1, indicating induction of apoptosis in KRAS-mutant CRC cells, while no obvious effect in WT CRC cells (Figure 2e ). Flow cytometry analysis of Sub-G1 DNA content in those cells also revealed a similar result (Supplementary Figure S7) . miR-30a knockout (KO) CRC cells were obtained by CRISPR/Cas9 systems with two distinct guide RNAs (Supplementary Figures S8A and B) . miR-30a KO obviously promoted the anchorage-dependent and -independent growth of KRAS-mutant CRC cells, while it showed no significant effect in KRAS WT RKO cells (Figures 2a-d) . To evaluate the roles of miR-30a in vivo, indicated CRC cells were injected into the flanks of nude mice. Stable overexpression of miR-30a in KRAS-mutant CRC cells suppressed the tumor growth, while miR-30a KO in these cells showed the opposite effect (Figure 2f ). However, manipulation of miR-30a expression levels had no significant effect in KRAS WT CRC cells (Figure 2f; Supplementary Figure S5 ). Immunohistochemistry of HCT116 and DLD1 xenografts overexpressing miR-30a showed inhibition of cell proliferation and induction of apoptosis, as indicated by the decreased Ki-67 staining and increased caspase-3 cleavage (Supplementary Figure S8C) . These data indicate miR-30a impairs the growth, motility and tumorigenicity of KRAS-mutant CRC cells.
miR-30a directly suppresses ME1 and KRAS. As miR-30a has critical effects on KRAS-mutant CRC cells, we performed prediction analyses to identify its targets. We found that the 3′-untranslated regions (UTR) of ME1 and KRAS contain two miR-30a-5p and three miR-30a-3p-binding sites, respectively (Figure 3a ; Supplementary Figures S9A and B ). ME1 is a cytosolic NADP + -dependent enzyme, which is responsible for NADPH production and lipogenesis. 26 miR-30a overexpression inhibited ME1 and KRAS at the mRNA and protein levels in CRC cells, while miR-30a KO showed the opposite effects (Figures 3b and c) . To validate the direct miRNA-mRNA interactions, we performed luciferase reporter assays in CRC cells with stable miR-30a overexpression or deletion. Results showed that miR-30a overexpression inhibited both ME1 and KRAS 3′UTR (only ME1-B2 and KRAS-B1) luciferase activities, while miR-30a deletion increased these activities ( Figure 3d ; Supplementary Figure S9C ). Mutations in miR-30a-binding sites abrogated these effects ( Figure 3d ). We further used co-immunoprecipitation with an antibody AGO-2 to precipitate RNAs associated with the RNA-induced silencing complex. As shown in Figure 3e , the above target RNAs were significantly enriched in miR-30a overexpressed CRC cells versus control ones. Furthermore, negative correlations were observed in the RNA levels between of miR-30a-5p, 3p and ME1, KRAS in CRCs (n = 28, P = 0.0174 for ME1 and P = 0.0151 for KRAS) (Figure 3f ), respectively. Similar results were also found in mouse xenografts. miR-30a overexpression significantly decreased ME1 and KRAS protein levels, and ME1 activities, while miR-30a KO had the opposite effects in KRAS-mutant CRC cells (Figures 3g  and h ). However, miR-30a overexpression or KO had no significant effect in WT RKO CRC cells. Taken together, these data indicated that miR-30a can directly inhibit ME1 and KRAS.
ME1 is upregulated in human KRAS-mutant CRCs. Next ME1 expression was determined in human CRCs. Results showed that ME1 was upregulated in CRCs compared with adjacent non-tumor tissues (n = 14, P = 0.008, Figure 4a ). ME1 upregulation in CRCs was also observed both in paired (n = 26, P = 0.0026) and unpaired (n = 41 for non-tumor tissues and n = 282 for CRCs, Po0.0001) CRC samples (Figure 4b ) in the Cancer Genome Atlas (TCGA) data set. ME1 upregulation at the protein levels was also confirmed by immunoblot analysis (Figure 4c) .
Interestingly, the high expression of ME1 was noticed in KRAS-mutant HCT116, DLD1 CRC cells compared with KRAS WT RKO ones (Figure 3c ). Further studies showed that ME1 mRNA increased in KRAS-mutant cancer cells (n = 18) compared with WT ones (n = 31), while ME2 expression showed no significant difference (Figure 4d ) from the Cancer Cell Line Encyclopedia (CCLE, the Broad Institute, Cambridge, MA, USA) data set. 10, 11, 27 Elevated ME1 was also detected in primary CRC specimens in mRNA (Figure 4a , right) and protein levels (Figure 4e ). KRAS suppression decreased ME1 protein levels in HCT116, DLD1 KRASmutant CRC cells (Supplementary Figure S1B) . ME1 is a critical ME responsible for converting malate to pyruvate, which supplies fuels of tricarboxylic acid flux, and generates NADPH. Emerging studies suggested that KRAS-driven cancers exhibited aberrant metabolism pathways to promote tumor growth. 28, 29 Thus upregulated ME1 might contribute to the oncogenic metabolism pathways in KRAS-mutant CRCs. Figure S10 ). Consistent with their different rates of growth, these tumors showed decreased ME1 activity (Figure 5f ), low levels of Ki-67 and high levels of caspase-3 staining (Figure 5g ). These data reveal that human KRAS-mutant CRC cells are hypersensitive to ME1 suppression.
miR-30a overexpression and ME1 suppression attenuates AOM-/DSS-induced colorectal tumorigenesis. As miR-30a overexpression and ME1 knockdown selectively impaired growth and tumorigenicity of KRAS-mutant CRC cells, AOM-/DSS-induced CRC mouse model, which is a widely used animal model for CRC induction and harbors 33% frequency of KRAS mutations, 30 was used to evaluate their effects on colorectal tumorigenesis (Figure 6a ). Female mice were injected intraperitoneally with AOM, followed by three rounds of DSS treatment and alternating four times of indicated lentivirus intrarectal instillation. Mice were killed 100 days after AOM injections and miR-30a overexpression was confirmed (Figure 6b ). Mice administrated lentivirus containing overexpressing miR-30a, knockdown of KRAS or ME1 showed decreased ME1, KRAS protein levels and ME1 activity rather than ME2 (Figures 6c and d) . Also mice treated with lentivirus containing overexpressing miR-30a, knockdown of KRAS or ME1 developed significantly decreased numbers and size of tumors throughout the middle and distal colon (Figures 6e and f) . Such treatment showed decreased proliferation and increased apoptosis as indicated by the decreased Ki-67 and increased cleavage caspase-3 staining (Figure 6e ). These results suggested that miR-30a overexpression and ME1 suppression attenuate AOM-/DSSinduced colorectal tumorigenesis.
Discussion
Oncogenic KRAS mutations contribute to colorectal tumorigenesis. Here we found that miR-30a selectively impaired growth of KRAS-mutant CRC cells in vitro and in vivo. miR-30a has been shown to have the tumor suppressor function in colorectal cancer HCT116, Lovo, SW480 and 31-33 Consistent with our results, these cell lines are KRAS-mutant CRC cells. miR-30a was reported to be regulated by p53 and inhibit autophagy by directly targeting Beclin1. 34, 35 To our knowledge, oncogenic KRAS activation promotes autophagy to recycle the nutrients for tumorigenesis. 36, 37 Thus miR-30a overexpression might selectively block the nutrients supplying in KRAS-mutant tumors. In the present study, we found that miR-30a directly inhibit ME1 and decrease its activity. ME1 suppression inhibits NADPH production, lipogenesis and fatty acid uptake in KRAS-mutant CRC cells. Also miR-30a directly inhibits KRAS. A previous study reported that miR-126 selectively inhibited the viability of KRAS-mutant CRC cells, but not the KRAS WT CRC cells through repression of multiple genes essential for the survival of KRAS-mutant cells. 38 Identification of synthetic lethal interactions with KRAS mutations is an alternative approach to conquer KRAS-mutant driven cancers. Recently, genome-wide RNA interference screens identified a list of candidate genes including the mitotic kinase PLK1, 9 transcription factor GATA2, 39 antiapoptotic BH3 family member BCL-XL 8 and SUMO E2 ligase UBC9. 40 These genes span diverse cellular progression including cell mitosis, cell apoptosis, transcription and protein modification. We employed a high-content miRNA librarybased screens to identify candidate miRNAs and found that miR-30a selectively attenuates KRAS-mutant-driven colorectal tumorigenesis. Interestingly, UBC9 is a direct target of miR-30a in human adipocytes.
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ME1 is upregulated in various cancers including CRCs and associated with poor overall survival. 26, 42 Furthermore, we revealed that expression of ME1 is elevated in KRAS-mutant CRCs compared with WT CRCs. KRAS mutation reprograms glutamine metabolism flux in pancreatic cancer and ME1 is one of critical genes involved in glutamine metabolism. 28 An association between KRAS mutations and ME1 was reported in non-small-cell lung cancers. 43 Our research revealed the positive association between KRAS mutations and ME1 in CRCs, and evaluated the therapeutic potential by animal experiments.
In summary, our data identified critical roles of miR-30a and ME1 in the development of KRAS-mutant CRCs. Manipulating the miR-30a and ME1 expression levels might have therapeutic potentials for this kind of disease.
Materials and Methods
Human CRC specimens. Human CRC tissues were obtained from patients at Union Hospital in Wuhan, China. Clinical characteristics of human CRC samples are provided in Supplementary Table 2. Informed consent was obtained at the Union Hospital in Wuhan, China. The diagnosis of CRC was confirmed in each case by histological review and none of them received chemotherapy prior to resection.
Constructs. Human Pri-miR-30a, including~400 bp of stem-loop structures, was PCR-amplified from HEK-293 genomic DNA and cloned into the lentiviral vector Roles of miR-30a and ME1 in colorectal tumorigenesis H Shen et al pHAGE-CMV-MCS-PGK-GFP. For shME1-resistant ME1 expression vector, first the human ME1 coding sequence was amplified from HEK-293 cDNA and cloned into the lentiviral vector pHAGE-CMV-MCS-PGK-puro. Then mutation in the shRNAbinding sites was generated by overlap extension PCR. ME1 and KRAS shRNAs were purchased from GENECHEM (Shanghai, China). The non-specific sequence (5′-TTCTCCGAACGTGTCACGT-3′) was used as control. The targeted sequences and primers for construction are provided in Supplementary Table 3 .
Cell culture and transfection. Human HCT116, DLD1, SW48, HT29 and RKO CRC cells, and HEK-293 cells were cultured under standard conditions as described. 4, [8] [9] [10] [11] 15 Cell lines stably expressing shRNAs were maintained in Dulbecco-modified eagle's minimum essential medium with 1-2 μg/ml puromycin. For transfection, cells were seeded in six-well plates 24 h before and grown to 70-80% confluence for transfection. Plasmids (3-5 μg) in 50 μl Opti-MEM (GIBCO, Life Technologies, Grand Island, NY, USA) were mixed with 5 μl Lipofectamine (Invitrogen, Carlsbad, CA, USA) in 50 μl Opti-MEM, allowing complexes to form for at least 30 min at room temperature, and then added to the cells. Stable cell lines expressing the indicated miRs, cDNAs or shRNAs were generated by lentiviral transduction in the presence of 8 μg/ml polybrene followed by selection with 1-2 μg/ ml puromycin for at least 10 days. Stable cell lines were detected for the expression of miRs, mRNA or shRNA by RT-qPCR or immunoblot. miRNA library screen. miRNA expression library containing 1255 miRNAexpressing vectors was described previously. 22 For miRNA library screening, HCT116 and RKO cells were seeded in triplicate at a density of RT-qPCR. Total RNA was isolated from cells by TRizol Reagent (Invitrogen). Then 1 μg RNA was reversely transcribed into cDNA by RevertAid First-strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). Primers for proteincoding genes were oligo(dT) 18 . Primers for non-coding miRNAs were: miR-30a-5p, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTCCA-3′; miR-30a-3p, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC GCTGCA-3′. RT-qPCR was performed by SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). Primers of RT-qPCR are listed in Supplementary Table 3 . GAPDH, β-actin and U6 RNA were used as an internal control for protein-coding genes and miRNAs, respectively.
Luciferase reporter assays. The DNA fragments containing the potential miR-30a-binding region in KRAS 3′UTR and ME1 3′UTR were amplified by PCR, and were cloned into a pGL3-promoter vector (Promega). Regions of miR-30a promoter were also amplified and cloned into pGL3-promoter vector. Mutations in the miR-30a seed-matching sequences and potential P65-binding sites were generated by overlap extension PCR. Primers for the constructs and mutations are listed in Supplementary Table S3 . For luciferase reporter assay of KRAS and ME1 3′UTR, cells overexpressing or deleted miR-30a were plated 24 h before transfection in 24-well plates and transiently transfected with 500 ng of the reporter plasmid, and 10 ng Renilla reporter. For luciferase reporter assay of miR-30a promoter, cells were plated 24 h before transfection in 24-well plates, and transiently transfected with 500 ng of the reporter plasmid and 10 ng Renilla reporter in cells stably expressing control-shRNA, P65 shRNA-#1 or #2, respectively. Then the luciferase activity was measured by the Dual Luciferase Reporter assay (Promega). Transfection efficiency was normalized on the basis of the Renilla luciferase activity.
Chromatin immunoprecipitation. ChIP was previously described. 44 Briefly, intracellular protein-DNA complexes from HEK-293 cells transiently transfected with Flag-tagged P65, HCT116 or DLD1 cells were cross-linked in situ by 1% of formaldehyde. Total lysates were then sonicated, and subjected to chromatin-conjugated immunoprecipitation using specific antibodies including mouse anti-Flag monoclonal antibody (F3165, Sigma-Aldrich, St. Louis, MO, USA) and rabbit anti-P65 polyclonal antibody (A2547, Abclonal, Woburn, MA, USA). After reversal of cross-links, precipitated DNA was purified and analyzed by DNA gel electrophoresis or qPCR with specific primers listed in Supplementary Table 2 .
Isolation of RNA-induced silencing complex-associated RNA. RNA immunoprecipitation was performed according to the methods previously described. 45, 46 Briefly, 10 7 RKO, HCT116 or DLD1 cells stablely overexpressing miR-30a or control vector were UV-irradiated and lysed with RIP buffer supplemented with RNase Inhibitor (Thermo Scientific) and then treated with DNase I (Thermo Scientific). The separated supernatant was incubated with 15 μg rabbit monoantibody against AGO-2 (D2C9, Cell Signaling Technology, Beverly, MA, USA) or 15 μg normal rabbit IgG (Thermo Scientific) for 4 h and then was incubated with protein G agarose beads (Thermo Scientific). One-fifth of AGO-2-RNA immunoprecipitation was analyzed by immunoblot. The other precipitation was digested by proteinase K (Thermo Scientific) and the precipitated RNA was isolated by TRizol Reagent (Invitrogen), and the expression levels of miR-30a-5p/3p, ME1 and KRAS were analyzed by RT-qPCR.
Bioinformatic prediction of miR-30a targets. Computational prediction of miRNA targets was performed in online databases miRDB (http://mirdb.org/ miRDB, Version 5.0) and TargetScan (http://www.targetscan.org/vert_71/, Release 7.1). The GenBank accession numbers used for KRAS, ME1 and miR-30a were NM_004985, NM_002395 and NR_029504, respectively.
Cell viability, foci, soft agar and sub-G1 DNA sorting. These were performed as previously described. 22, 44, 47 Briefly, for cell viability assays, 10 3 indicated cells were seeded in triplicate in 96-well plates and grown for 5 days. Cell viability was measured using MTT assay according to the manufacturer's instructions (Promega). For colony formation assays, 10 3 cells were seeded in triplicate in sixwell plates and grown for 2 weeks. Colonies were counted and photographed after methanol fixation and methylene blue staining. For soft agar colony assays, 4000 cells were plated in triplicate in soft agar (0.35% low-melting point agarose on top of 0.7% bottom agarose) in six-well plates and fed with Dulbecco-modified eagle's minimum essential medium. Colonies were counted and photographed after 2 weeks. Cell cycle analyses were performed on propidium iodide-stained nuclei using a MoFlo XDP-Flow Cytometer (FACS, Beckman Coulter, Brea, CA, USA). Percent of sub-G1 DNA content was analyzed by single-histogram statistics.
Wound-healing assay. About 5 × 10 5 indicated cells were plated in six-well plates and allowed to grow overnight to 90% confluence. Then a 200-μl pipette tip was used to scrap the cell culture slowly and vertically. The plates were washed three times with pre-warmed PBS before the fresh medium was added. The wounds were photographed every 24 h.
Cell migration and invasion assay. Migration assay was performed using a Transwell Assay Chamber (PET track-etched membrane; 24-well inserts, pore size, 8 μm, Corning Incorporated, Corning, NY, USA). For the invasion assays, the cells were seeded into Matrigel-coated Invasion Chambers, which were pre-coated with 10 mg/ml growth factor-reduced BD Matrigel matrix (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, indicated cells were incubated in a medium containing 1% FBS for 24 h. Then 2 × 10 5 indicated cells suspended in 200 μl medium containing 1% FBS were seeded in the top chambers. About 500 μl fresh medium supplemented with 10% FBS was added to the bottom chambers. After incubation for 24 h at 37°C, non-migrating cells on the top side of the chambers were removed by cotton swab. Cells migrating to the bottom side were fixed and stained with methylene blue. Then the numbers of migrated or invaded cells were counted and photographed.
Subcutaneous xenograft. All animal studies were approved by the Animal Care Committee of Wuhan University. Four-week-old female BALB/c nude mice were purchased from SLAC Laboratory Animal (Changsha, China) and maintained in microisolator cages. Tumorigenicity assays and tumor volume measurements were performed as previously described. 44 In brief, 10 7 cells were suspended in 100 μl serum-free DMEM and injected subcutaneously in the flanks of animals (n = 5 per group). Tumor growth was monitored every 3 days for a total period of 30 days. Tumor volumes were calculated by the equation V (mm 3 ) = a × b × c/2, where a is the length, b is the width and c is the height. Tumors were harvested for DNA, RNA and protein analyses.
Administration of lentivirus to AOM-/DSS-induced CRC mouse model. Viral production and infection were performed following the principles previously described. 48 Briefly, lentivirus was produced using calcium-phosphatemediated transfection of a second-generation packaging system in HEK-293 cells. Lentivirus containing supernatant was harvested at both 48 and 72 h after transfection and was filtered using 0.45 μm filter. Acquired lentivirus was mixed with PEG solution (5% PEG8000 and 0.5 M NaCl) overnight and concentrated by centrifugation at 7000 g for 30 min in 4°C. Virus titers were determined by HIV-1 p24 ELISA (Perkin Elmer, Waltham, MA, USA) and the virus was concentrated to 10 8 titers. AOM-/DSS-induced CRC model was performed following the principles previously described. 49 Eight-week-old female C57BL/6 mice were injected intraperitoneally with 10 mg/kg AOM (Sigma-Aldrich). Five days later, mice were given drinking water containing 3% DSS (MP Biomedicals, Santa Ana, CA, USA) for 6 days followed by 2 weeks regular drinking water. Then mice were fed two rounds with 2.5% DSS water for 1 week and killed on day 100.
For lentivirus administration, it was performed as described previously. 50 Briefly, mice were anesthetized and given an intrarectal enema of 100 μl 50% ethanol. Three hours after the enema, 100 μl lentivirus solution containing miR-30a (10 8 titers) or control vector was instilled intrarectally from the anus of the mice. The mice were inverted for 30 s after administration of intrarectal products to prevent leakage. Forty mice were randomly divided into four groups and administrated lentivirus-expressing miR-30a, KRAS shRNAs, ME1 shRNAs or control vector, respectively. Lentivirus administration was performed once a week for four times.
Metabolic and protein analyses. The levels of NADPH, triglyceride and fatty acids in cultured cells were determined using a NADP + /NADPH quantification Kit, Triglyceride Assay Kit and Fatty Acids Assay Kit (all from BioVision, Milpitas, CA, USA) respectively, following the manufacturer's instructions. ME1 and ME2 activity was determined using cytosolic extracts and lysate of mitochondria as described, respectively. 26 For immunoblot, cell pellets and tissues were lysed with SDS-PAGE lysis buffer, boiled and resolved with SDS-PAGE electrophoresis. Proteins were then transferred to nitrocellulose membranes, which were blocked with 5% non-fat milk and probed with corresponding antibodies including mouse anti-KRAS monoclonal antibody (sc-30, 1:200, Santa Cruz Biotechnology, Dallas, TX, USA), mouse anti-ME1 monoclonal antibody (sc-100569, 1:1000, Santa Cruz Biotechnology), rabbit anti-P65 polyclonal antibody (A2547, 1:1000, Abclonal), mouse anti-Flag monoclonal antibody (F3165, 1:10 000, Sigma-Aldrich) and mouse anti-β-actin monoclonal antibody (sc-47778, 1:2000, Santa Cruz Biotechnology). The blots were then incubated with a 1:1000-1:5000 dilution of HRP-conjugated IgG (Santa Cruz Biotechnology), washed and subjected to chemiluminescent detection as previously described. 44 H&E and immunohistochemistry. Sections from colorectum of the mice and xenografts were fixed with formalin for 4 h, embedded in paraffin, sectioned and stained with hematoxylin and eosin according to the standard protocol. Ki-67 (Sc-15402, 1:500, Santa Cruz Biotechnology) staining was performed according to the manufacturer's protocol. For apoptosis detection, caspase-3 (ab4051, 1:1000, Abcam, Cambridge, UK) staining was performed according to the manufacturer's instruction. After staining, the photographs were taken by optical microscopy.
TCGA, CCLE and GSE data analyses. Data sets of CRC were downloaded from the TCGA data portal (http://tcga-data.nci.nih.gov). ME1 expression was assessed in human CRC tissues and adjacent non-cancer tissues from the TCGA mRNA data set. ME1 and ME2 expression levels of various cancer cell lines were obtained from the CCLE (http://www.broadinstitute.org/ccle/home). For miR-30a expression analysis, we found a published GSE data set (GSE18392)
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